Tip-induced artifacts in magnetic force microscopy images Appl. Phys. Lett. 102, 022417 (2013) Landau-Lifshitz-Bloch-Slonczewski simulations of the spin-transfer-torque driven magnetization switching assisted by Joule heating Appl. Phys. Lett. 102, 022405 (2013) Major and minor stress-magnetization loops in textured polycrystalline Fe81.6Ga18.4 Galfenol J. Appl. Phys. 113, 024508 (2013) Application of a bi-stable chain model for the analysis of jerky twin boundary motion in NiMnGa Appl. Phys. Lett. 102, 011912 (2013) Observation of spin-glass behavior in nickel adsorbed few layer graphene J. Appl. Phys. 113, 024307 (2013) Additional information on J. Appl. Phys. Thermal properties of steady-state magnetic vortices in soft materials are numerically evaluated using the recently proposed Landau-Lifshitz-Bloch approach. Circular samples with permalloy-like parameters are simulated. Relevant properties of the vortex core, as its radius, the magnetization drop in its center, and the radius of this magnetization drop are extracted. The dependence of the vortex core radius on temperature agrees well with the theoretical predictions, if only temperaturedependent parameters are taken into account. A new effect is found, which we call magnetization squeezing, resulting from the thermodynamic nature of the Landau-Lifshitz-Bloch approach. Our results show, however, that this squeezing in vortices is a rather weak effect in
I. INTRODUCTION
Magnetic vortices are objects of rotational symmetry composed of a small-sized core, where the magnetization is pointing out of the film plane, surrounded by in-plane magnetization-see Fig. 1 . They have been known already for a long time, see, for example, Ref. 1, but only recently they have attracted remarkable attention due to their potential applications. First, they are stable objects that are suitable as basic building blocks for memory storage applications. 2 A second application suggested recently is related to nanooscillators working in the sub-gigahertz regime. 3 Another subject attracting interest recently is the temperature properties of magnetic nanostructures. This interest is stimulated by the idea of heat assisted magnetic recording 4 and all-optical magnetic recording. 5 The influence of temperature on the properties of a domain wall in materials with large anisotropy has already been reported. 6 However, to effectively design devices, basing on vortices knowledge of their temperature properties is necessary. As the bulk of experiments on vortices takes place in soft samples-usually this is permalloy(see, e.g., Refs. 2 and 3)-we focus our attention on this material. Especially, we consider closely center of the vortex-the vortex core. In this paper, we report on its dependence and behavior in temperatures up to 99% of the Curie temperature.
where H d is the demagnetization field, A is exchange constant, l 0 is vacuum permeability, and v k is the longitudinal susceptibility. We have ignored here anisotropy effects as we focus our attention on permalloy (Py). Note that M e ð0Þ ¼ M s . The LLB longitudinal and transversal damping coefficients are given by
where a is the Gilbert damping constant (for T ¼ 0) and T C is the Curie temperature. 9 Contrary to the zero-temperature LLG equation, in the LLB approach, the material parameters are actually temperature dependent functions M e ðTÞ; AðTÞ, and v k ðTÞ. Another important feature of the LLB equation is the non-constant magnetization magnitude, Mðr; tÞ, that can vary in space and in time. This process is monitored by the last term in Eq. (2). Thus, for small temperatures, where v k is small M tends to M e ðTÞ, while for larger temperatures, where v k increases (diverging at T C ) local differences between M and M e ðTÞ can be larger. This happens, for example, inside a domain wall. 6 Our code is an extension to the well-known simulation package, OOMMF. 10 In our implementation, we have followed Ref. 11 . One difference between our implementation and that of Kazantseva et al. 11 is omitting the thermal stochastic field, because we are solely interested in steady state calculations, similarly as in our previous report. 12 The sample we have modeled is a thin ferromagnetic disk with radius r ¼ 100 nm and a thickness t ¼ 20 nm. 6 A=m, and a Curie temperature T C ¼ 870 K. We have neglected crystalline anisotropy effects. The damping constant a is 0.5 and we used a cuboid discretization cells with size 0:78125 nm Â 0:78125 nm Â 1:25 nm (the origin of the coordinate system was in the center of our disk; see Fig. 1 ). The quality condition of performing reliable simulations was always fulfilled, as the parameter Dm max introduced in Ref. 12 never exceeded the suggested limit of 0.5, being in our case always below 0.16.
Our object of interest was a ferromagnetic vortex in its steady state. For the chosen sample size, this is exactly the preferred state, for the whole considered temperature range (see the phase diagram in the Ref. 15 ).
III. RESULTS AND DISCUSSION
The upper part of the Fig. 1 shows a top view of our sample. The z-axis is a symmetry axis. The vortex core (VC) is clearly visible as region of dominating out-of-plane magnetization (colored in blue). In cross sections (b) and (c), we use the same color coding to show the z-component of the magnetization. We present also separately a gray-scaled color coding for the non-constant jMj value. Clearly, the magnetization magnitude is smaller inside the VC and we will call this effect "magnetization squeezing" in the following. If one notes the different color scaling for both temperatures, one can immediately recognize the dependence of this squeezing on temperature. This effect is related to the longitudinal susceptibility value but we will come to this point later. One can also see the weak dependence of presented phenomena on the z-position, more pronounced in the case of magnetization squeezing. This effect, called barrel-shape for the case of T ¼ 0, was already found in the past and tackled analytically 16 and experimentally. 17 Therefore, all data presented in this paper were sampled once at the surface of the disk (z ¼ t/2) and once in its central plane (z ¼ 0).
To evaluate quantitatively the features shown in Fig. 1 , we analyze the MðqÞ and M z ðqÞ dependence, where q is the radial distance from the VC axis, q ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi 
Feldtkeller analyzed a T ¼ 0 case, thus in his theory the prefactor in front of the exp-function was simply M e ðT ¼ 0Þ. This is not the case for our study: because of the squeezing effect the peak magnetization value M z in the center of the vortex is actually not M e but a slightly smaller value that is determined separately for every above mentioned z-plane, which will be called M min ðzÞ in the following. The parameter r z from Eq. (4) is the peak radius. Feldtkeller found an approximate solution for r z which we will call after him R 0 z ðM s ; AÞ, a function of the material parameters M s and A (see Eqs. (3.9)-(3.11) in Ref. 1). In our case, the material parameters depend on temperature, thus the function R 0 z ðTÞ will also depend on it. The parameter M min was determined separately for every temperature considered by finding the minimum of the magnetization magnitude among all the cells in the given plane. The parameter r z was determined by a two-dimensional (in xy-plane) fitting of our simulation results with Eq. (4), separately for every z-plane (see Fig. 2 for results of this fitting procedure). Fig. 2 suggests that the magnetization squeezing can also be described by a Gaussian profile. For consistency, we have fitted jMðqÞj results using an analogous function, 
where again r tot is a fitting parameter and M min was determined earlier. In all cases, the fitting was good and the fitting errors were smaller than the symbols representing the data in Fig. 4 . Fig. 3 shows the squeezed magnetization, M min , for different simulated temperatures (points). The differences between M min ðz ¼ 0Þ and M min ðz ¼ t=2Þ are so small that they cannot be shown in this figure. (These differences can be seen in Figs. 2 and 5 , where vertical scale is fine.) For comparison, we show the equilibrium magnetization M e ðTÞ as well (solid line). Our results do not deviate distinguishably from this curve, contrary to earlier reports investigating domain walls in FePt. The reason for this, we attribute to the different material considered in Ref. 6 : FePt has a very strong crystalline anisotropy, so that the magnetization inside the domain wall is squeezed strongly by anisotropy interactions. Contrary to that case, here we have a soft material with negligible anisotropy. In our case, the squeezing is caused "only" by exchange interactions but we will come back to this point later. Fig. 4 shows results of our fitting procedure for the peak radii r tot and r z (points). As noted before, the theory for the dependence r z ðTÞ can be concluded from Ref. 1 when the temperature dependence of the material parameters via functions M e ðTÞ and AðTÞ is taken into account. We show results of this theory in Fig. 4 as solid line. R 0 z ðTÞ and r z ðTÞ match quit well, indicating that the magnetization squeezing effect in vortices in permalloy is weak and many properties of these vortices can be simply described by Feldtkeller's theory 1 when temperature-dependent functions M e ðTÞ and AðTÞ are used. The magnetization-drop radius, r tot , has also a similar temperature dependence. Contrary to r z , it is, however, smaller than R 0 z ðTÞ-an effect that can also be seen in Fig. 2 . This difference is again rather small. More pronounced is the difference between r tot ðz ¼ 0Þ and r tot ðz ¼ t=2Þ-an effect that was also shown in Fig. 1 . We attribute this difference to the influence of the demagnetization field.
As noted in Sec. II, the squeezing effect is controlled by the last element in Eq. (2), thus by the parallel susceptibility, v k . This dependence can be described with a simple theory. In soft magnetic samples, the exchange interactions are the dominating ones. Whether one considers the magnitude of the effective field, say in the middle of the VC, or the total energy (for the whole sample), for the samples evaluated here appropriate values for the exchange interactions are at least 6 times larger than for the dipolar interactions for all temperatures considered here. If one neglects H d and sets H eff ¼ 0-the condition for the stationary state in the LLB equation-one gets from Eq. (2) On the z-axis, the effective field has only a z-component. Combining both equations above yields
As was shown before, r z ðzÞ can with good approximation be described by R 0 z ðTÞ. For the sample of interest,
2 is a slowly varying monotonic function of temperature increasing roughly from 0.9 at T ¼ 0 to 1.8 at 98%T C . Thus, the rhs of Eq. (8) is dominated by v k and its strong temperature dependence. Up to 98%T C , the argument of the square in Eq. (8) is larger than 0.9; thus it can be approximated with a Taylor expansion leading to the final result
The normalized squeezing effect, ðM e À M min ðzÞÞ=M e , as found in our simulations is plotted with points in Fig. 5 . For comparison, the theoretical dependence from Eq. (9) is shown as well (solid line). The line is drawn up to the mentioned limit of 98%T C . Actually, for the sample of interest, the factor pA=l 0 M 9) underestimates the results of our simulations. This can be explained by the fact that only exchange interactions were included in our analysis. Dipolar interactions cause an additional squeezing of the magnetization so that their inclusion would probably improve the agreement between theory and simulation data in Fig. 5 . Another property characteristic for the demagnetization field is its inhomogeneity inside the VC. Considering the z-axis, H d is smallest in the center of the sample increasing when the surface is approached. The influence of the demagnetizing field can be seen in Fig. 1 , where the squeezing effect is larger close to the sample surfaces. This is also the reason why r tot ðz ¼ t=2Þ is larger than r tot ðz ¼ 0Þ and M min ðz ¼ t=2Þ is smaller than M min ðz ¼ 0Þ (see Figs. 2 and 4) .
IV. SUMMARY
Vortex core properties have been evaluated by numerical simulations for a full range of temperatures for a material with permalloy-like properties. The LLB approach was used to include thermal effects. The results are well described with an appropriate theory, where we have used the approach of Feldtkeller 1 with material parameters which are related to appropriate functions entering the LLB equation. A magnetization squeezing effect, described already in the past, is weakly present in the vortex core, unless very close to the Curie temperature. We predict, however, stronger effects in materials with easy in-plane anisotropy where the magnetization squeezing in the VC would be additionally strengthened by anisotropy interactions. Evaluating squeezing in the vortex core is a first important step toward dynamical studies-like vortex core switching or oscillation.
Here, M ð0Þ e and A ð0Þ are the assumed zero-temperature values for permalloy, in our case, respectively, 0:86 Â 10 6 A=m and 13 Â 10 À12 J=m.
